DNA damage repair starts with the recognition of damaged sites from predominantly normal DNA. In eukaryotes, diverse DNA lesions from environmental sources are recognized by the xeroderma pigmentosum C (XPC) nucleotide excision repair complex. Studies of Rad4 (radiation-sensitive 4; yeast XPC ortholog) showed that Rad4 "opens" up damaged DNA by inserting a β-hairpin into the duplex and flipping out two damage-containing nucleotide pairs. However, this DNA lesion "opening" is slow (~5-10 ms) compared with typical submillisecond residence times per base pair site reported for various DNA-binding proteins during 1D diffusion on DNA. To address the mystery as to how Rad4 pauses to recognize lesions during diffusional search, we examine conformational dynamics along the lesion recognition trajectory using temperaturejump spectroscopy. Besides identifying the~10-ms step as the ratelimiting bottleneck towards opening specific DNA site, we uncover an earlier~100-to 500-μs step that we assign to nonspecific deformation (unwinding/"twisting") of DNA by Rad4. The β-hairpin is not required to unwind or to overcome the bottleneck but is essential for full nucleotide-flipping. We propose that Rad4 recognizes lesions in a step-wise "twist-open" mechanism, in which preliminary twisting represents Rad4 interconverting between search and interrogation modes. Through such conformational switches compatible with rapid diffusion on DNA, Rad4 may stall preferentially at a lesion site, offering time to open DNA. This study represents the first direct observation, to our knowledge, of dynamical DNA distortions during search/interrogation beyond base pair breathing. Submillisecond interrogation with preferential stalling at cognate sites may be common to various DNA-binding proteins.
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DNA damage recognition | time-resolved fluorescence spectroscopy | temperature-jump perturbation | DNA unwinding dynamics | xeroderma pigmentosum E ssential genetic mechanisms, such as replication, transcription, recombination, and repair, all require recognition of specific DNA sequences or structures by specialized proteins. How DNA-binding proteins search for and identify their target sites embedded in a vast excess of nontarget sites, especially if using only thermal energy, is a fundamental question in biology. Several lines of evidence indicate that proteins use some combination of 3D diffusion in the bulk solution and 1D diffusion while nonspecifically bound to DNA, and use this "facilitated diffusion" as a means to search efficiently in genomic DNA for their targets (1) (2) (3) (4) (5) (6) (7) . Direct observations of proteins diffusing on nonspecific DNA have revealed residence times per base pair site ranging from 50 ns to 300 μs (7) (8) (9) (10) (11) (12) (13) . On the other end, highresolution structures and thermodynamic studies on a wide range of specific protein-DNA complexes have revealed significant distortions in otherwise B-form DNA duplex structures and concerted rearrangements in the bound protein to accommodate the deformed DNA; this "induced-fit" mechanism has emerged as a general principle of target recognition (14, 15) . In many cases, the proteins discriminate between specific and nonspecific sites primarily by sensing differences in local DNA deformability ("indirect readout"), rather than by relying on direct interactions with target nucleotides (16) . However, how rapidly the deformations occur over the course of target recognition and how they compare with the protein's residence time on a given DNA site before it diffuses away remain largely unknown, obscuring our understanding of target recognition mechanisms.
Previous measurements of DNA conformational dynamics have revealed millisecond time-scale motions during specific recognition (17) (18) (19) (20) (21) (22) , which are slower compared with the submillisecond 1D residence times of various DNA-binding proteins when diffusing nonspecifically on DNA, as discussed above. It has been proposed that a conformational switch between a rapidly diffusing "search" mode and a more tightly bound "recognition" mode is needed for a protein to identify a potential target site without losing overall speed (23) (24) (25) (26) . Consistent with these arguments, alternative binding modes of various proteins interacting with nonspecific DNA have been observed (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) , and have also been inferred from singlemolecule studies of proteins diffusing on DNA (13, (38) (39) (40) . Microsecond-to-millisecond conformational fluctuations have been reported in proteins nonspecifically bound to DNA in a few systems amenable to NMR (28, 32, 36) .
For systems that are too large for NMR, the submillisecond conformational dynamics are however difficult to capture, either by stopped-flow or single-molecule techniques: Stopped-flow can only directly detect motions slower than a few milliseconds, and singlemolecule fluorescence is limited to measurements with high-quantum-yield fluorescence labels, and can typically detect only large conformational changes. A laser temperature-jump (T-jump) approach in combination with time-resolved optical spectroscopy enables kinetics measurements with high (submicrosecond) temporal resolution [reviewed by Kubelka (41) ]. The T-jump approach,
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This article is a PNAS Direct Submission. together with probes such as tryptophans and fluorescent nucleotide analogs, has led to the characterization of otherwise unresolved conformational dynamics during protein folding (42) (43) (44) (45) , RNA folding (46) , and protein-DNA (47-49) and protein-RNA (50) interactions.
In this study, we applied T-jump to detect transient intermediates in a system that relies exclusively on indirect readout, the radiationsensitive 4 (Rad4)-radiation-sensitive 23 (Rad23) protein complex (hereafter Rad4). Rad4 is a yeast homolog of the xeroderma pigmentosum C (XPC)-RAD23B complex (hereafter XPC), a key initiator of the global genome nucleotide excision repair (NER) pathway in eukaryotes [reviewed by Schärer (51) ]. Using only thermal energy, Rad4/XPC surveils the genome and specifically recognizes lesions, initiating the recruitment of other NER factors that ultimately excise and repair the damaged portion of DNA. The lesions recognized by Rad4/XPC include photoproducts induced by UV light or bulky base adducts and intrastrand adducts induced by environmental genotoxins (52) . These lesions are structurally diverse, but the damage is confined on one strand of the duplex DNA and commonly accompanies local helix destabilization/distortion. In vitro, Rad4/XPC can also specifically bind to 2-bp or 3-bp mismatch DNA (49, 53) . The crystal structures of Rad4 bound to UV-induced model lesions showed that Rad4 inserts a β-hairpin into the lesion site and flips out two damage-containing nucleotide pairs; the duplex around the lesion is also partially unwound and bent (54) (Fig.  1A ). In this "open" recognition complex, Rad4 does not directly contact damaged nucleotides but selectively accommodates the undamaged nucleotides on the complementary strand; such indirect binding enables Rad4/XPC to recognize extraordinarily diverse lesions. Intriguingly, we have recently observed that the same open structure is also formed when Rad4 is covalently tethered to undamaged DNA (49); thus, the lesion recognition must rely not on the structural differences in the thermodynamically most stable states of the bound complexes but on the differences in the kinetics of recognition.
As a first step to characterize these recognition dynamics, we measured the Rad4-induced "opening" of mismatch DNA using the T-jump perturbation approach and showed that it occurred on time scales of ∼5-10 ms (49). The opening times for more stable, undamaged/matched DNA are expected to be much longer than for mismatch DNA (55) . Although the 1D diffusion constants of Rad4/XPC on DNA are yet to be reported, studies have revealed microsecond-regime residence times per DNA site for a wide range of DNA-binding proteins (7) (8) (9) (10) (11) (12) (13) . Thus, the observed opening time of Rad4 is many orders of magnitude longer than the typical residence times per DNA site. This result, we proposed, explains how Rad4/XPC avoids flipping open every undamaged site when searching DNA for a lesion, although having selectively higher probabilities to open helix-destabilizing NER lesion sites. However, this "kinetic gating" mechanism also posed a dilemma as to how Rad4 reliably recognizes damaged DNA if the recognition (∼5-10 ms) is much slower than the typical diffusion of proteins on DNA during a nonspecific search.
Here, we report on capturing kinetic intermediates that could bridge the gap between the fast, nonspecific search and the slow recognition of the specific damaged site. Taking advantage of the T-jump approach with the unique sensitivity of a FRET pair [1,3-diaza-2-oxophenoxazine (tC o ) as the donor and 7-nitro-1,3-diaza-2-oxophenothiazine (tC nitro ) as the acceptor] to DNA helicity (56, 57) , we uncovered previously unidentified conformational dynamics occurring on the time scales of ∼100-500 μs when Rad4 is nonspecifically bound to DNA. We interpret these dynamics as rapid unwinding ("twisting") of DNA by Rad4 resulting from the conformational interconversion between a rapidly scanning search mode and a momentarily stalled "interrogation" mode. We also demonstrated that the β-hairpin that stabilizes the open conformation is inserted after a rate-limiting (bottleneck) step for lesion-specific opening. The progressive, multistep nature of target recognition uncovered for this DNA repair protein provides critical insights into the speed-and-stability paradox of specific DNA recognition.
Results
Laser T-Jump Spectroscopy to Probe Conformational Dynamics. We used ∼10-ns IR laser pulses to increase rapidly the temperature of a small volume of the sample by 5-10°C within the duration of each pulse. We then monitored the temporal response of the ensemble of molecules as it reequilibrated (relaxed) from the initial temperature population to the population at the higher temperature, by recording the intensities of conformation-sensing fluorescent probes (further described below). The temperature of the heated volume stays approximately constant until about 50 ms and then decays ("recovers") back to the initial temperature (i.e., the temperature of the surrounding bath), with a characteristic "T-jump recovery" time of ∼200 ms (58) . Thus, our T-jump apparatus enables us to monitor the dynamics of protein-DNA interactions in a time window of ∼20 μs (the time resolution of our spectrometer) to ∼50 ms (before the T-jump starts to recover) (20, 47) . The microsecond time resolution of the T-jump was critical in this study so as to overlap better with the time scales for fast, 1D diffusion of proteins along DNA. The application of the tC o /tC nitro FRET pair in characterizing rapid DNA dynamics, such as partial unwinding or twisting, also opens the door for uncovering new dynamics for a wide range of DNA-binding proteins. these motions, we adopted a pair of recently developed FRET probes, tC o (as the donor) and tC nitro (as the acceptor) (56, 59) (Fig. 1B) . These FRET probes are tricyclic cytosine analogs that retain Watson-Crick-type pairing with guanines in duplex DNA; they also do not compromise the overall DNA duplex stability nor affect the binding affinities of DNA duplexes to Rad4 (56) (discussed in the next section). Importantly, the FRET efficiency of the probes incorporated within the DNA duplex was shown to exhibit an oscillatory trend as a function of separation within DNA, which reflects the helical periodicity of B-DNA (56) (Fig.  1C) . Such unique characteristics of these probes make them highly suited to capture protein-induced DNA motions involving changes in helicity, such as local unwinding. Although it has been shown that conventional FRET probes, typically tethered to DNA through flexible linkers, can be responsive to DNA helicity when stacked at the ends of DNA duplexes (60), these probes are not readily incorporated as rigid internal labels within duplex DNA without disrupting the DNA backbone/structure (61), as is possible with the tC o /tC nitro probes (56, 59) . Accordingly, we incorporated the tC o /tC nitro probes on either side of the mismatch site, spanning the region expected to undergo the most dramatic unwinding upon Rad4 binding (SI Appendix, Fig. S1 ). Next, we examined the relative binding affinities of AN12 and AN12u to Rad4 using a competition EMSA, where the protein's binding to 5 nM 32 P-labeled substrate DNA is monitored in the presence of 1,000 nM unlabeled, undamaged "competitor" DNA (CH7_NX) (54) (SI Appendix, SI Methods 1.4 and Fig. S3 ). The benefit of using this competition assay over the conventional singlesubstrate EMSA is that one can directly observe any preferential binding over the nonspecific binding, including factors such as potential DNA end-binding while avoiding multiple proteins aggregating on a single DNA, as is the case when protein is in excess of total DNA (SI Appendix, Fig. S4 ).
The WT Rad4 construct we used in this study spans residues 101-632 and contains all four domains involved in DNA binding. This construct has previously been shown to exhibit the same DNA-binding characteristics as the full-length protein (54) . The presence of tC o /tC nitro labels in the AN12/AN12u did not affect the Rad4-binding affinities of each DNA compared with unlabeled DNA. However, regardless of the labels, the mismatch-containing AN12 constructs showed about a fourfold lower apparent dissociation constant (K d,app ) than the corresponding undamaged AN12u or other undamaged DNA constructs. Although this specificity of AN12 is slightly lower than the approximately sevenfold specificity exhibited by another DNA construct containing CCC/CCC mismatches (49) (CH10_NX; SI Appendix, Fig. S3 ), the results indicate that the TTT/TTT mismatch in AN12 is specifically recognized by Rad4 (as also expected from the crystal structure), whereas AN12u is bound nonspecifically. The small differences in the apparent binding affinities between damaged and undamaged DNA are consistent with other studies for human XPC protein when using short duplex oligonucleotides as substrates (62, 63) . These calculations are based on the assumption that there is only one proteinbinding site per DNA substrate, even for nonspecific DNA; however, this assumption underestimates the real number of nonspecific sites available to the protein, because Rad4 can bind in more than one register and orientation even for these short DNA duplexes. Thus, it is possible that the actual differences between the specific and nonspecific binding are larger than those differences reflected in these K d,app values.
We highlight here that all our equilibrium FRET and T-jump studies were carried out for equimolar protein-DNA concentrations higher than 4 μM, greatly exceeding the K d,app for any of these complexes (discussed below). Native gel electrophoresis and dynamic light scattering independently confirmed that the Rad4-DNA samples under our conditions are indeed uniformly sized 1:1 complexes (SI Appendix, SI Methods 1.5 and 1.6 and Figs. S4 and S5).
Next, we measured the FRET efficiency for each DNA (10 μM) at equilibrium in the absence and presence of equimolar Rad4. We first acquired two donor fluorescence emission spectra (SI Appendix, Fig. S6 ), one from the DNA containing only the donor (denoted as AN12_D and AN12u_D) and the other from the DNA containing both the donor and acceptor probes (AN12_DA and AN12u_DA), and calculated the FRET efficiencies from the measured spectra ( Fig. 2C and SI Appendix, SI Methods 1.7). The experimental FRET value for the undamaged AN12u in the absence of Rad4 was in reasonable agreement with predictions based on the relative orientations and distances between the probes in a canonical B-DNA structure (56, 64) (SI Appendix, Fig.  S7A ). Furthermore, the mismatched AN12 yielded FRET values very similar to AN12u, which indicates that the DNA largely retains the B-DNA conformation despite the helix-destabilizing mismatches, or at least that any changes in the average DNA conformation due to mismatches are not detected in these bulk FRET measurements.
In the presence of Rad4, the FRET of AN12 decreased in comparison to protein-free DNA, whereas the FRET of AN12u did not show a measurable difference (Fig. 2C and SI Appendix, Fig. S7A ). As described above, AN12 is a specific substrate for Rad4 and is expected to undergo lesion-specific opening when bound to Rad4 under the experimental conditions. A decrease in FRET upon Rad4 binding is expected based on the changes in DNA conformation from B-DNA to the open conformation seen in the crystal structures (54) . However, the observed FRET value (0.849 ± 0.011) differed significantly from the value calculated (0.04) based on the crystal structures (SI Appendix, Table summarizes the FRET values for all constructs in this study). Various factors may contribute to the deviations between the theoretical estimates and the observed FRET in the protein-bound samples (SI Appendix, SI Discussion 2.1), with perhaps the biggest contribution coming from enhanced dynamics of the tC nitro probe in the AN12 context, where the probe is placed right next to the mismatch site (Fig. 2B) . It cannot be ruled out that the average orientation of this probe in the AN12-Rad4 solution structure is altered in comparison to the average orientation of the corresponding nucleotide in the crystal structure. Nevertheless, the distinct decrease in FRET in AN12, but not in AN12u, upon Rad4 binding indicates that the probes detect the change in average conformation in the mismatched AN12, induced upon specific binding to Rad4.
Increase in Temperature Amplifies Rad4-Induced Opening Sensed by the Probes in AN12. We next monitored the extent to which temperature may alter the average DNA conformations probed by tC o /tC nitro by measuring equilibrium FRET at different temperatures. The donor emission intensities measured in AN12_D containing only the donor (I D s) decreased monotonically with increasing temperature from 10-40°C for both free and Rad4-bound DNA (Fig. 3 A and B, black) , corresponding to the quantum yield decrease of the donor with increasing temperature (65, 66) . In contrast, the donor emission intensities in in AN12_DA containing both the donor and acceptor (I DA s) increased with increasing temperature for both free and Rad4-bound DNA (Fig. 3 A and B , magenta/pink). Although these measurements show similar trends for free and Rad4-bound AN12, the corresponding FRET values show a slightly larger change with increasing temperature for the AN12-Rad4 complex than for free AN12; in the 10-40°C temperature range, the FRET in the AN12-Rad4 complex decreased by 0.084 ± 0.018, whereas for free AN12, it decreased by 0.051 ± 0.006 (SI Appendix, Fig. S7B ). These results indicate that although a temperature increase alters the ensemble of conformations in free AN12, it also amplifies the extent and/or population of the tC o /tC nitro -sensed, Rad4-induced conformational changes (SI Appendix, Fig. S7B ), similar to the previously observed conformational changes sensed by 2AP at mismatch sites (49) (SI Appendix, Fig. S8 ). Furthermore, T-jump perturbation kinetics measured on free and Rad4-bound AN12 samples are distinctly different (discussed below). AN12u, on the other hand, exhibited smaller changes in FRET with increasing temperature, which are almost the same for free DNA (0.028 ± 0.009) and Rad4-bound DNA (0.021 ± 0.008) (SI Appendix, Table) . Thus, temperature increases result in smaller changes in the average conformations of the undamaged/matched AN12u than of mismatch AN12, regardless of the presence of the protein. To measure the dynamics of conformational changes in AN12 upon binding to Rad4, we performed T-jump measurements on AN12 as free DNA (4-40 μM) or as 1:1 complexes with Rad4. The relaxation traces in response to an ∼5-10°C T-jump perturbation were monitored by recording the donor fluorescence intensities (I D s or I DA s) over time, for a series of initial temperatures with final temperatures in the range of 16-41°C. First, I D values from AN12_D showed a rapid initial drop (much faster than our earliest observable time of ∼20 μs), followed by a slow relaxation of 200 ± 60 ms, characteristic of T-jump recovery kinetics (Fig. 3F) . The initial rapid drop in AN12_D is due to the decrease in the quantum yield of the donor probe in response to the T-jump to a higher temperature, as also observed in the equilibrium measurements (Fig. 3B, black) . The presence of bound Rad4 did not change the observed kinetics of AN12_D (Fig. 3E) . Thus, the donor-only AN12_D samples do not exhibit any detectable conformational relaxation kinetics for either free or Rad4-bound DNA.
On the other hand, I DA values from free AN12_DA revealed an immediate increase after the T-jump perturbation, on a time scale faster than the ∼20-μs resolution limit of our T-jump apparatus (Fig. 3D) , followed by the slow T-jump recovery kinetics (SI Appendix, SI Methods 1.10 and Fig. S9 B and C) . The rapid increase in AN12_DA is in a direction opposite of the rapid decrease seen in AN12_D; instead, it mirrors the increase in I DA seen in equilibrium measurements on the AN12_DA sample (Fig. 3B, pink) and is reminiscent of the rapid kinetics of mismatch unstacking ("premelting") previously observed using 2AP-labeled DNA (49) . We thus propose that the rapid increase in AN12's I DA after the T-jump reflects similar premelting kinetics, as sensed by the rapid reorientation of tC nitro adjoining the mismatch bubble. The temperature-dependent FRET decrease in free AN12 DNA in the equilibrium measurements discussed above is also consistent with DNA distortions sensed by tC nitro placed adjacent to the mismatch as the DNA "premelts" at the higher temperatures.
Notably, AN12_DA, when bound to Rad4, showed additional relaxation kinetics in the T-jump time window of 20 μs to 32 ms, distinct from the rapid premelting (<20 μs) and slow T-jump recovery (∼200 ms) (Fig. 3C and SI Appendix, Figs. S9 and S10) . Furthermore, the amplitude of the rapid (unresolved) kinetics was diminished in the complex (SI Appendix, Fig. S10 ), again reminiscent of our previous observations with 2AP constructs (49) , indicating that mismatch premelting is partially suppressed in the presence of Rad4. The relaxation kinetics in the T-jump time window are detected only in the presence of the protein and require both the donor and the acceptor in AN12; they were not detected in the absence of the protein (Fig. 3D ) or in AN12_D-Rad4 (Fig. 3E) . The undamaged counterpart, AN12u_D and AN12u_DA, also did not show any relaxation kinetics in the same time window in either the presence or absence of Rad4 (SI Appendix, Fig. S11 C-F) . Thus, the kinetics uniquely observed in Rad4-bound mismatch AN12_DA reflect DNA motions specifically induced by Rad4, because they alter the FRET between the tC o /tC nitro probes in the vicinity of the TTT/TTT mismatch. Considering the sensitivity of the probes to DNA helical conformations, our results also indicate that the mismatch premelting and the Rad4-induced open conformation sensed by the FRET probes in AN12 may share similar directionality of structural distortions (unwinding).
To determine the minimum number of relaxation phases needed to describe the kinetics observed within the T-jump time window in the AN12_DA-Rad4 complex, we analyzed the relaxation traces using maximum entropy analysis (SI Appendix, SI Methods 1.11). The analysis revealed monophasic kinetics with average relaxation times ranging from 15.9-1.6 ms (7.7 ± 0.8 ms at 25°C) in the temperature range 16-41°C (final temperature) ( Fig. 3G and SI Appendix, Fig. S9 ). These ∼8-ms relaxation kinetics are on similar time scales as the previously reported Rad4-induced DNA opening dynamics probed by 2AP (49) (SI Appendix, Fig. S8 ). Because the 2AP probes were placed as one of the mismatched nucleotides that are flipped out when Rad4 binds specifically, 2AP likely senses the kinetics of nucleotide flipping. Our results suggest that the tC o /tC nitro -monitored DNA dynamics in the AN12_DA-Rad4 complex involve the same rate-limiting distortions as in the nucleotide-flipping during specific opening. However, 2AP in the previous study and tC o /tC nitro in AN12 do not necessarily probe identical motions during opening, as evidenced by the measurements with Rad4 mutants described below. Previous studies have shown that the β-hairpin from the β-hairpin domain 3 (BHD3) plays an important role in Rad4's ability to recognize lesions (49, 54, 67) . In the open conformation, the β-hairpin is shown to be inserted into the damaged DNA site, filling the gap in the DNA duplex resulting from the flipped-out nucleotides (49, 54) . The mutant Rad4 lacking either the β-hairpin in BHD3 (residues 599-605, blue in Fig. 1A , denoted as Δβ-hairpin3) or the entire BHD3 domain (residues 541-632, blue and red in Fig. 1A , denoted as ΔBHD3) retains nanomolar affinities to the undamaged DNA duplex but has significantly reduced specificity for DNA damage compared with the WT Rad4 in competition EMSA assays (49) . Importantly, neither mutant revealed any Rad4-induced nucleotideflipping kinetics detected by 2AP (49) .
Here, we examine the role of the β-hairpin in inducing the conformational changes monitored in AN12. The FRET changes in AN12 upon binding to the mutants, Δβ-hairpin3 and ΔBHD3, were barely detectable in equilibrium measurements at 25°C, consistent with the impaired specificity of the mutants (SI Appendix, Fig. S7A ). The FRET measured on these samples as the temperatures were raised from 10-30°C essentially overlapped with the FRET measured on free AN12 (Fig. 4 A and B and SI Appendix, Fig. S7B) . Thus, the FRET in the AN12-mutant complexes in this temperature range predominantly indicate enhanced premelting of the mismatch region sensed by the tC nitro probe at the higher temperatures, as in free AN12. For Δβ-hairpin3, the temperature range was limited to up to ∼30°C because the protein/DNA sample heated above ∼35°C showed irreversible behavior in fluorescence measurements indicating early denaturation/aggregation of the protein (49) . For ΔBHD3, the measurements were carried out up to 40°C as with the WT Rad4. Although the FRET vs. temperature trends in AN12-ΔBHD3 resembled the temperature trends of the free DNA below 30°C, small deviations were observed at temperatures above ∼30°C (SI Appendix, Fig. S7B ), indicating a contribution from the ΔBHD3-induced conformational changes at these higher temperatures. The FRET vs. temperature measurements on the undamaged AN12u with either of the two mutants essentially overlapped with the FRET vs. temperature measurements on free AN12u and on the AN12u-WT Rad4 complex (SI Appendix, Fig. S7C ).
T-jump measurements with the mutants detected no kinetics with the mismatched AN12 in the absence of the acceptor probe (I D from AN12_D) (SI Appendix, Figs. S12B and S13B) or with the undamaged AN12u, as was the case with WT Rad4. However, I DA in mutant-bound AN12_DA showed not only the rapid (<20 μs) premelting kinetics but also unique, protein-induced kinetics in the T-jump window of 20 μs to 32 ms: First, Δβ-hairpin3-bound AN12_DA revealed monophasic relaxation kinetics, 374.0-174.0 μs in the range from 18-29°C, the highest temperature testable with this mutant (Fig. 4C and SI Appendix, Fig. S12 A and E). These kinetics (227.5 ± 18.2 μs at 25°C) are about 30-fold faster than the 5-to 10-ms kinetics observed with the same DNA bound to the WT or the 2AP-monitored nucleotide-flipping kinetics. We note that these kinetics were observed despite the lack of detectible differences between the bound and free AN12_DA in equilibrium fluorescence measurements (SI Appendix, Fig. S7 A and B) , underscoring the sensitivity of the tC o /tC nitro -based T-jump approach to detect relaxation kinetics with small (<2% change) amplitudes (SI Appendix, SI Methods 1.15 and Fig. S12F ). Second, ΔBHD3-bound AN12_DA showed biphasic relaxation kinetics in the temperature range of 30-40°C (final temperature) but no kinetics below ∼30°C. The fast component of the biphasic behavior had 110.6-to 118.2-μs relaxation times, and overlapped the relaxation times of AN12-Δβ-hairpin3 (Table 1) , whereas the slow component was 4.4-11.1 ms, similar to the 5-to 10-ms relaxation kinetics discussed above (Fig. 4 D and G and SI Appendix, Fig. S13 ).
The submillisecond kinetics observed for both Δβ-hairpin3 and ΔBHD3 had similar relaxation times (113.1 μs and 227.5 μs at 25°C) with closely overlapping Arrhenius trends, which are distinct from the relaxation times observed with the WT (Fig. 4E and Table 1 ). The low specificity of these mutants to the mismatch lesion in comparison to WT (49) raises the possibility that the predominant conformations in the AN12-mutant Rad4 complexes are of nonspecific modes, and that the fast phase observed in T-jump kinetics with these mutants reflects motions in these nonspecific modes (further discussed below).
It is also noteworthy that the ΔBHD3-bound AN12 showed the slow phase matching the kinetics of DNA opening induced by WT Rad4 in addition to the fast phase. The relative amplitudes of the fast and slow phases were similar (∼60% in the fast phase at 30°C and ∼50% at 40°C), whereas the overall amplitude in the two phases combined was similar to the overall amplitude with WT Rad4 (SI Appendix, Fig. S13F ). We recall that neither ΔBHD3 nor Δβ-hairpin3 exhibited 2AP-based nucleotide-flipping kinetics (49) . Thus, the results suggest that the slow phase in AN12-ΔBHD3 captures the rate-limiting structural distortion along the recognition trajectory, and that this distortion does not require the BHD3 domain, at least at temperatures higher than 30°C. However, the formation of the fully flipped-out open conformation as monitored by 2AP must still require the insertion of the β-hairpin, which is lacking in these mutants.
Fast Submillisecond Kinetics Are also Observed with WT Rad4 on
Nonspecific DNA Substrates: AN14/AN14u. As discussed above, the fast submillisecond kinetics observed with AN12 bound to β-hairpin mutants may indicate kinetics resulting from nonspecific binding modes of the mutants. We thus further investigated whether these nonspecific-mode kinetics could be captured with nonspecifically bound WT Rad4, particularly if the probes were positioned further away from the mismatch. Moving the probes further apart has two advantages: (i) the probes are less sensitive to locally enhanced dynamics in the immediate vicinity of the mismatch site, for example, from premelting of the mismatch as seen in AN12_DA, and (ii) nonspecific distortions may involve longer range conformational changes in DNA that are better picked up when the probes are positioned further apart. Thus, in the new DNA substrates, AN14 and AN14u, we placed both FRET probes 2 bp away from either side of the 3-bp mismatch (Fig. 5 A and B and SI Appendix, Fig. S1 ). In AN14, we also incorporated the TAT/TAT mismatch instead of the TTT/TTT mismatch in AN12. Although the TAT/TAT mismatch destabilizes the DNA duplexes by ∼7-8°C (SI Appendix, Fig.  S2 E-H) in a manner similar to the 8-11°C destabilization caused by the TTT/TTT mismatch, AN14 (in contrast to AN12) does not show specific binding to Rad4 compared with other undamaged DNA constructs, including its own matched version, AN14u (SI Appendix, Fig. S14 ). We further confirm that AN14's low specificity is due to its mismatch sequence rather than the presence of the FRET labels: tC o /tC nitro -labeled AN14/AN14u exhibited Rad4-binding affinities similar to the Rad4-binding affinities of unlabeled constructs (SI Appendix, Fig. S14 ), as was also the case with AN12/ AN12u. We posit that TAT/TAT mismatch could perhaps mimic lesions such as cyclobutane pyrimidine dimer (CPD): A CPD lesion also lowers the melting temperature of the duplex DNA (68) but is not specifically recognized by XPC in vitro (53) .
The FRET values of free AN14 and AN14u in equilibrium were very close to the calculated values assuming B-DNA conformations, again indicating similar average B-DNA conformations for both constructs (Fig. 5C and SI Appendix, Fig. S15A ). The FRET of AN14 decreased from 0.315 ± 0.015 in free DNA to 0.272 ± 0.018 upon Rad4 binding at 25°C (Fig. 5C and SI Appendix, Fig. S15A) . Interestingly, AN14u also showed a decrease in FRET from 0.350 ± 0.008 in free DNA to 0.289 ± 0.007 upon Rad4 binding, similar to the decrease in FRET seen with AN14, indicating that Rad4 induces similar conformational changes in AN14 and AN14u. Because Rad4 exhibits little specificity toward these DNA constructs, this decrease in FRET is primarily ascribed to DNA deformations induced by nonspecific interactions of the protein with DNA. The direction of these FRET changes is consistent with the direction calculated for conversion from the B-DNA conformation to the conformation of the specific open complex (SI Appendix , Fig.  S15A) ; these results suggest that even in these nonspecific complexes, the bound DNA may be distorted in a manner that shares structural resemblances to the open conformation, for example, by unwinding and/or bending partway to the full open complex.
Equilibrium fluorescence measurements as a function of temperature showed a nearly identical decrease in both I D and I DA values in both AN14 and AN14u, with and without Rad4, as the temperature was increased from 10-40°C (Fig. 6 A and B and SI Appendix, Fig. S16 A and B) . These data correspond to a much smaller change in FRET as the temperature is raised, thus indicating little change in the equilibrium population distribution of DNA conformations sensed by the probes over this temperature range (SI Appendix, Fig. S15 B and C) . However, the outstanding sensitivity of the T-jump approach, as also demonstrated with AN12 bound to Δβ-hairpin3, enabled us to observe the relaxation kinetics in both AN14 and AN14u when bound to Rad4.
In T-jump experiments with AN14, relaxation kinetics (besides the typical, initial rapid drop and the T-jump recovery) were observed only with AN14_DA bound to Rad4 (Fig. 6C and SI Appendix, Fig. S17A ), but not in the absence of the acceptor (SI Appendix, Fig. S17 B and C) or the protein (SI Appendix, Fig. S16 C and E). These results therefore capture the conformational dynamics of AN14 induced by Rad4. Interestingly, the relaxation kinetics on AN14_DA bound to Rad4 occurred with a characteristic time constant of 448.4 ± 98.8 μs at 25°C (Fig. 6E) , similar to the submillisecond kinetic phase previously observed with AN12 bound to Δβ-hairpin3 and ΔBHD3 (Fig. 4E) . Notably, similar relaxation kinetics (292.4 ± 173.9 μs at 25°C) were also observed with undamaged AN14u_DA bound to Rad4 (Fig. 6 D and G and SI  Appendix, Fig. S18 A and G) , although the amplitudes for AN14u-Rad4 were smaller than for AN14-Rad4 (SI Appendix, Figs. S17H and S18H). Again, no relaxation kinetics other than the initial rapid drop and slow T-jump recovery were observed in the absence of the acceptor (SI Appendix, Fig. S18 B and C) or the protein (SI Appendix, Fig. S16 D and F) . These results suggest that the 292-to 448-μs kinetics observed with WT Rad4 on the AN14/AN14u DNA substrates (Table 1) reflect the same nonspecific mode dynamics Table 1 . Relaxation times for Rad4-DNA complexes at 25°C and 32°C Sample T = 25°C (fast), μs T = 25°C (slow), ms T = 32°C (fast), μs T = 32°C (slow), ms
113. that underlie the 113-to 228-μs kinetics observed when the lowspecificity Rad4 mutants were bound to a specific substrate, AN12. Finally, we note that no relaxation kinetics with Δβ-hairpin3 or ΔBHD3 were observed on AN14 or AN14u. The amplitudes of the relaxation kinetics on AN14/AN14u-Rad4 were already significantly smaller than the amplitudes on AN12-Rad4, and at the limit of detection of the current setup (AN12, SI Appendix, Fig. S9H ; AN14/AN14u, SI Appendix, Figs. S17H and S18H). Any conformational changes induced by the mutants in AN14/ AN14u were thus likely to be below the detection limit. Similar reasons can be attributed to the absence of kinetics on AN12u-Rad4 (SI Appendix, SI Discussion 2.2).
Discussion
Although previous studies have shown that Rad4/XPC must sense diverse NER lesions in a uniquely indirect manner, the sequence and dynamics of the structural changes in Rad4 and DNA that lead to recognition have remained elusive. By combining the tC o /tC nitro FRET pair with microsecond-resolved T-jump spectroscopy, we have uncovered novel conformational dynamics in DNA during the damage search/recognition process: (i) a slow (∼5-10 ms) phase representing the rate-limiting step of the full opening kinetics and (ii) a fast (∼100-500 μs) phase reflecting collective DNA deformations during nonspecific interactions, which we interpret as DNA twisting (discussed below). The relative amplitudes of the two phases vary depending on the presence/absence of the β-hairpin or the BHD3 domain of Rad4 and the location of the probes in DNA as well as DNA sequences. Altogether, these results provide keys to constructing the lesion recognition trajectory of Rad4.
I. Slow Phase: The "Bottleneck" for Forming the Open Conformation Does Not Require β-Hairpin Insertion. The mismatched AN12 that exhibited specific binding to Rad4 showed ∼8-ms kinetics when bound to WT Rad4. This slow phase is concurrent with the previously reported ∼5-to 10-ms kinetics of the Rad4-induced DNA opening, probed at specific mismatch sites by 2AP (49) . Thus, we propose that the slow phase reflects the kinetics of overcoming the rate-limiting transition state ensemble (bottleneck) during the DNA opening process. However, despite a common bottleneck, the structural distortions captured by tC o /tC nitro in AN12 are not necessarily the same as those structural distortions reported by the 2AP probe: Whereas the slow phase probed by tC o /tC nitro (AN12) could be observed at least with ΔBHD3 mutant at higher temperatures, no such kinetics were observed in either of the β-hairpin mutants by 2AP (49) . We positioned the 2AP as one of the flipped-out damaged/ mismatched nucleotides (49) , and thus assigned the 2AP-probed motions to full flipping of the nucleotides for which the β-hairpin is required (49) . On the other hand, the tC o /tC nitro FRET probes, especially in AN12, where the acceptor flanks the mismatch site, may be sensing distortions/unwinding around that site even with the mismatched nucleotides still intrahelical. The ΔBHD3 mutant, despite the lack of the entire β-hairpin domain, could induce the rate-limiting distortions sensed by tC o /tC nitro probes at >30°C, although incapable of the 2AP-sensed, full flipping at the same temperatures. (Whether Δβ-hairpin3 could also induce the bottleneck distortions at these higher temperatures could not be tested because of instability of this mutant above 35°C.) We conclude that full nucleotide flipping that engages the β-hairpin occurs after the rate-limiting distortion or partial opening on the path to the fully open conformation. We envision this partially open conformation as one that entails a significantly unwound DNA structure with disrupted hydrogen bonding and unstacking, but with the nucleotides at the lesion site still mostly intrahelical. The late involvement of the β-hairpin during Rad4-induced DNA opening is also consistent with our observation that the preliminary interrogation step also does not require the β-hairpin (discussed below).
II. Fast Phase: Rapid DNA Deformations, Such as Unwinding (Twisting), Are Induced by Nonspecific Interrogation of DNA by Rad4. The ∼100-to 500-μs fast phase is more than 10-fold faster than the slow phase. It was observed both with β-hairpin deletion mutants bound to AN12 and with WT protein bound to AN14 and AN14u, but not in free DNA. These protein-DNA complexes share nonspecific binding as a common feature, either due to a low-specificity mutant protein or a low-specificity DNA construct. We therefore interpret the rapid dynamics as arising from conformational fluctuations during nonspecific interactions with the protein. The nonspecific complexes are inherently heterogeneous in their structures and Fig. 2 A and B. (C) FRET at 25°C in free AN14 (light purple, n = 12), AN14-Rad4 (purple, n = 6), free AN14u (cyan, n = 13), and AN14u-Rad4 (blue, n = 7).
conformations because Rad4 can bind to DNA in multiple registers or orientations. Despite this inherent heterogeneity and the differences in the location or the sequence context of the probes in AN12/AN14/AN14u, we saw a single relaxation phase for the fast dynamics with approximately the same Arrhenius behavior. The results thus indicate that (i) the intrinsic energetic differences in distorting this DNA by the protein must have been removed upon formation of the complex, apparently by using the binding energy, and (ii) these dynamics must involve motions of comparable freeenergy barriers that are smaller than the distortions during the slower rate-limiting step (Fig. 6E) . Based on the sensitivity of the FRET probes to DNA helicity and a comparison of the Rad4-bound DNA and B-form structures (54), we attribute the collective nonspecific mode dynamics primarily to partial unwinding/rewinding fluctuations (twisting) of DNA during nonspecific search and interrogation interactions (discussed in next section), although we cannot exclude the possibility that other motions, such as DNA bending, may also contribute. In addition, the fast dynamics did not require the β-hairpin or BHD3 in contrast to the 2AP-monitored full nucleotide-flipping kinetics. Thus, the nonspecifically "twisted" structures may retain intrahelical conformations of nucleotides in DNA. Our results mark the first direct observation, to our knowledge, of DNA conformational fluctuations captured during nonspecific interrogation by a large protein complex among DNA repair proteins or among "indirect-readout" DNA-binding proteins. How site-specific DNA-binding proteins are able to scan the genome rapidly while reliably locating and recognizing their respective binding sites has been dubbed as the "search-speed stability" paradox (23) . Previous studies to resolve the problem have invoked two modes of protein-DNA binding: the search mode and the recognition mode (23) (24) (25) (26) . The search mode is presumed to have few stabilizing protein-DNA interactions, allowing rapid 1D diffusion of protein on DNA in a relatively smooth energy landscape and/or dissociation from DNA. However, the lack of specific interactions in the search mode comes at a price in that the protein has limited ability to sense/probe the presence of the target site. In the recognition mode, on the other hand, the protein assumes a conformation that resembles its conformation in the final recognition complex; in this mode, it can make more extensive protein-DNA contacts, allowing the protein to test the targets with increased accuracy/specificity. It has been proposed that an efficient, stochastic interchange between the two modes enables the resolution of the speed-stability paradox in searching and recognition.
Consistent with these notions, various studies have shown evidence of multiple binding modes in nonspecific protein-DNA complexes (13, 27-39, 69, 70) . The structures of DNA repair glycosylases captured on nonspecific DNA showed severely kinked conformations of DNA even on those nontarget sites (27, 29-31, 34, 35) . Although enabling specific probing of a potential target lesion, such distortions seem incompatible with fast sliding/ scanning of the protein on DNA, as anticipated in the search mode. These complexes have been termed interrogation complexes distinct from a search complex but lying along the conformational trajectory toward forming the lesion-specific, recognition complex (25) . NMR analyses of lac repressor and uracil DNA glycosylase bound to nonspecific DNA have revealed large-scale, submillisecond conformational fluctuations in the proteins that are potential candidates for such search/interrogation conformational switches (28, 36) . However, direct measurements of corresponding DNA dynamics to account for such switches in the submillisecond regime have been limited to a few NMR iminoproton exchange experiments that detect base pair "breathing" (37, 71, 72) . Although previous stopped-flow studies on DNA glycosylases have indicated multiple kinetic steps for damage recognition and repair (21, 22) , these observed kinetics are too slow to capture interrogation compatible with 1D diffusion and are likely probing additional steps leading to recognition and catalysis.
Our study directly revealed that there are at least two distinct kinetic phases: a fast nonspecific mode that we ascribe to twisting and a slow opening. The fast phase, we propose, reflects conformational interconversions between a rapidly diffusing search and a slowly diffusing or momentarily stalled interrogation mode, whereas the slow phase reflects the recognition step (i.e., the conversion from the search/interrogation to the final open conformation). The fast twisting may represent "search/interrogation" not only for proteins bound to nonspecific sites but also for those proteins on specific sites, and thus lie along the specific multistep lesion recognition trajectory (Fig. 7) . The following observations support this interpretation: (i) Our previous crystal structure of undamaged DNA covalently tethered to Rad4 showed the same open conformation as damaged DNA specifically bound by Rad4 (49) , indicating that the general process of opening may not be structurally different for the damaged and undamaged DNA; (ii) the FRET changes induced by nonspecific Rad4 binding to AN14/ AN14u are in the same direction as the FRET changes expected in a conformational change from "straight" B-DNA to the open conformation; and (iii) both the fast and the slow phases are observable simultaneously in AN12-ΔBHD3. The fact that we observe the fast phase only in nonspecific or low specificity complexes and not in the specific AN12-Rad4 complex is not inconsistent with our proposed scheme. A T-jump perturbation of a specific complex may not populate these nonspecific modes sufficiently to detect the fast phase (SI Appendix, SI Discussion 2.3).
Interrogation May Promote Kinetic Gating by Stalling the Protein
Preferentially at Damaged Sites. Previously, we have proposed a kinetic gating model for damage recognition by XPC/Rad4 (49). Top) A free-energy profile that may underlie the observed kinetics along the recognition trajectory. Damaged DNA in nonspecific binding modes is shown with inherently higher free energy than undamaged DNA due to the damaged/induced destabilization. The 100-to 500-μs twisting step is depicted with a smaller energetic barrier than the 5-to 10-ms rate-limiting distortion step ( ‡), which is followed by rapid β-hairpin insertion and fullnucleotide flipping. (B, Bottom) Putative diffusional landscapes of the protein along DNA are illustrated along coordinates orthogonal to the conformational trajectory. As the recognition proceeds, the diffusional landscape gets progressively rough; once the β-hairpin is inserted, the protein is practically obstructed from diffusing away, and thus recognition. In this model, discrimination between normal and damaged DNA sites is determined by the differential probabilities of the Rad4-induced DNA opening of a DNA site before it diffuses away from the site. Residence times reported for damage repair proteins on normal, nonspecific DNA range from 0.1-300 μs (7, 9, 10, 13). Thus, as previously argued, it has not been clear how Rad4 can efficiently open to recognize damaged DNA, which takes ∼5-10 ms, if Rad4 should indeed exhibit the microsecondregime residence times per DNA site during the nonspecific search. The interrogation mode of Rad4 revealed in this study provides critical insights into bridging this gap between fast diffusion and slow recognition: The increased interactions between the protein and the DNA in the interrogation mode may work to slow down the diffusion of XPC/Rad4 on DNA, thus increasing the probability that it can open a given site, according to the kinetic gating mechanism (Fig. 7) . Rapidly diffusing proteins on DNA switching to slow diffusers have been reported in singlemolecule studies (40) . It is tempting to speculate that abnormal DNA structures and dynamics induced by NER lesions may promote the conversion from search to interrogation in comparison to normal DNA, and also further stall XPC/Rad4 when in the interrogation mode, ultimately to allow residence times in the millisecond regime. Not inconsistent with this notion, the nonspecific twisting rates for undamaged AN14u were slightly faster than the nonspecific twisting rates for mismatched AN14 (Fig. 6E ), indicating that Rad4 may engage more extensively with the AN14 mismatch site than normal sites. These results suggest that the free-energy barriers that a nonspecifically engaged Rad4 experiences may indeed differ depending on the nature of the DNA sequences and structures, which may ultimately contribute to its specific ability to recognize NER lesions. Additionally, it is also conceivable that some DNA-stabilizing lesions may present a significantly high barrier even for twisting, leading to a perpetual search mode at the lesion site that impairs recognition, and thus repair. In summary, we conclude that Rad4 interrogates DNA by twisting DNA on 100-to 500-μs time scales. Such a mechanism provides a compelling account for how Rad4 may examine DNA while also diffusing on DNA, and thus reconciles rapid searching with reliable recognition. Our T-jump approach that also took advantage of the FRET probes uniquely sensitive to unwinding (twisting) of DNA was critical in unveiling these submillisecond dynamics. A rapid (∼100 μs) nonspecific interrogation preceding a slow (∼10 ms) target recognition has previously also been observed in T-jump studies of the integration host factor, a DNA-bending bacterial architectural protein (58, 73) . Thus, interrogation on time scales of hundreds of microseconds compatible with rapid diffusion of proteins on DNA may well be a common feature during target recognition by diverse DNA-binding proteins. In general, the multistep recognition process through dynamic conformational changes would allow proteins to span a wide range of residence times on DNA that can be fine-tuned at each successive step. The actual diffusion landscapes of XPC/Rad4 on DNA in each binding mode, and the structural and kinetic parameters that control each step along the recognition trajectory, remain as fascinating problems to be explored.
Materials and Methods
Materials. HPLC-purified DNA oligonucleotides were purchased from TriLink Biotechnologies and were annealed as described in SI Appendix, SI Methods 1.1. Uniformly sized, homogeneous Rad4-Rad23 complexes were prepared as described (49, 54) (SI Appendix, SI Methods 1.2 and Fig. S19 ). Rad4-Rad23-DNA complexes were prepared by combining purified Rad4-Rad23 and annealed duplex DNA substrates in a 1:1 molar ratio in PBS buffer containing 1 mM DTT. Laser T-Jump Spectroscopy. The home-built laser T-jump spectrometer (47, 74) uses 10-ns laser pulses at 1,550 nm, generated by Raman-shifting the 1,064-nm pulses from the output of a neodymium/yttrium aluminium garnet laser, which are focused to an ∼1-mm spot size onto a 2-mm-wide sample cuvette with a path length of 0.5 mm; each laser pulse yields ∼5-10°C of T-jump at the center of the heated volume. The probe source for excitation of tC o was a 200-W Hg-Xe lamp, with the excitation wavelengths (335-375 nm) selected by a broadband filter and focused to an ∼300-μm spot in the middle of the heated volume. The fluorescence emission was monitored perpendicular to the excitation direction using a photomultiplier tube and a 500-MHz transient digitizer. For each measurement, ∼500 kinetics traces were acquired and averaged. Further details are provided in SI Appendix, SI Methods 1. 
